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The U.S. Navy has many opportunities to take advantage of energy sources that are 
usually wasted because these low power sources yield such low-voltages that a normal 
voltage converter is not efficient enough to harvest the energy.  Low-voltage energy is 
available in many forms including solar, thermal, vibration, and electro-magnetic.   
The power that can be obtained from these sources on a small scale can be taken 
advantage of by using an ultra-low power boost converter that is specifically designed for 
energy harvesting applications.  These energy sources with a very small footprint can be 
used in military and defense applications such as wireless sensor networks, industrial 
monitoring, and varieties of portable and wearable devices. 
The theory of power conversion, synchronous rectification, and maximum power 
point tracking is discussed. A discussion of the benefits of using an energy converter 
made specifically for energy harvesting is also covered.  A commercially available 
energy harvester converter is simulated using a simulation program with integrated 
circuit emphasis, and a solar application is tested with hardware.  The hardware 
experiments explore the startup sequence of the circuit, the switching profile of the 
converter, and a test of the circuit’s efficiency. 
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Energy harvesting has emerged as a method of extracting power from sources that only 
produce micro-watts of power.  These power sources are usually constrained by size due 
to the environment that they are designed for.  With these small sources of power, it is 
imperative that the conversion techniques used to harvest the energy is as efficient as 
possible.  The technologies that make energy harvesting an efficient and viable form of 
power generation are covered in this thesis. 
In military and defense applications, energy harvesting can be used to provide 
power for wireless sensor networks, industrial monitoring, environmental monitoring, or 
any other sensor network that requires small amounts of energy.  Devices that are able to 
be powered with energy harvesters can be particularly desirable in areas that are 
inaccessible or where regular battery replacement is very difficult.  This technology 
allows for a greater range of sensors to be placed where conventional renewable energy 
devices may not produce enough power due to the environment such as prolonged cloud 
cover in solar applications.   
Many different technologies are incorporated to ensure that the small sources of 
energy are used to the maximum potential.  When dealing with such small power 
harvesters, steps to make the circuit more efficient are essential.  Since electrical power 
conversion is at the basis of harvesting these small sources of power,  boost converter 
theory is first discussed to explain the conversion of the small voltages harvested in 
millivolts to the volts required by most electronic circuits.   
In order to expand on conventional boost conversion techniques, the concept of 
synchronous conversion is discussed.  Synchronous conversion is the technology that 
allows for transistors with a much lower voltage drop than conventional diodes to be used 
in the boost converter.  Synchronous conversion is essentially an actively controlled 
converter where the switches are electronically controlled to provide the required amount 
of boosted voltage.   
 xvi 
Another important issue addressed in this research is maximum power point 
tracking, a technology that allows the maximum extraction of power from different 
harvesting sources.  In a solar cell, the most efficient way of extracting power is not by 
maximizing the voltage but by operating based on the solar cell’s particular current-
voltage characteristics.  Typically, a solar cell produces the most power at about 80 
percent of its maximum voltage.  Maximum power point tracking will adjust the voltage 
pulled from the source to ensure that it remains at its most efficient operating point.  This 
operating point can adjust due to different operating conditions that affect power 
generation.  For example, if the solar cell is producing less voltage due to cloud cover, 
the maximum power point tracking will adjust and maintain the voltage at 80 percent.  
This can also be altered for different sources such as thermo-electric harvesters which are 
most efficient at about 50 percent.  Finally, there are many energy storage options when 
considering energy harvesters such as rechargeable batteries and supercapacitors. 
A Texas Instruments BQ25504 Ultra Low Power Boost Converter was simulated 
and tested in hardware.  The simulation demonstrated such features of the converter as 
cold-starting, which allows the converter to bypass the internals when battery voltage is 
low and operate as an unregulated boost converter.  The under-voltage and over-voltage 
features were also tested, demonstrating the energy storage protection features.  The 
voltage and current waveforms were also shown for the different operating conditions.  
The same circuit was also tested in hardware, testing all the features that were 
demonstrated in the simulation and also showing the maximum power point tracking 
technology. 
The theory of converters was covered as well as the technologies that aid in 
energy harvesting. A commercially available converter was analyzed in simulation and 
hardware experiments, demonstrating the technologies that make energy harvesting 
viable in using ultra low voltage sources.  These technologies are all combined to make 
energy harvesting possible for use in many different applications in the defense 
community as well as commercially. 
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This thesis was inspired while taking a course in advanced electrical machinery 
systems.  In this course, which covered electrical generator theory, we discussed a 
previous thesis where a student designed a linear electromagnetic generator that was 
small enough to be handheld.  This small generator could then be carried by a person to 
power any of the multitudes of electronic devices that have become part of our everyday 
lives.  Although the energy harvested would be small, it would make use of physical 
energy that would otherwise be wasted.  Another problem that needed a solution was the 
possibility of harvesting energy from something like the vibration of a delivery truck.  
The vibration of the delivery truck could then be used to possibly power a small Global 
Positioning System (GPS) unit to give the instantaneous position of a package.  With 
technologies such as the handheld generator and other small sources of power, a 
conversion process is needed to harvest the small voltages produced and convert it into a 
more useful voltage.   
1. Energy Needs in the Department of Defense 
The Navy is also looking for new technologies to harness renewable power.  The 
Secretary of the Navy has expressed his concern about making energy usage a topic that 
must be taken seriously.  According to the Secretary of the Navy,    
Reforming energy use and policy within the Department of the Navy will 
assure the long-term energy security of the United States, encourage 
development of efficiencies, and promote environmental stewardship. In 
doing so, we will improve the combat and operational effectiveness of our 
Forces and maintain our position as the finest Navy and Marine Corps in 
the world. [1]  
The Navy and other military entities could have broad applications for an energy 
harvester.  Typically, any electrical requirement that is small and would benefit from less 
interaction such as changing batteries or being located in a remote location could be a 
potential candidate for this technology. 
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2. Applications 
Texas Instruments claims that the BQ25504, which will be studied in this thesis, 
is one of the most efficient of its kind on the market.  It has proposed many uses for this 
energy harvesting circuit, especially when used in a wireless sensor network (WSN) 
application. Texas Instruments provides the list below as some of the advertised uses for 
this technology [2]: 
• Agriculture (gravity feed systems, water tank levels, pump levels) 
• Air pollution 
• Area monitoring 
• Forest fire detection 
• Greenhouse monitoring 
• Home and building automation 
• Industrial monitoring 
• Landslide detection 
• Machine health monitoring (machinery condition-based systems) 
• Structural monitoring (monitor movement within buildings and 
infrastructure, monitor assets, retrieve daily data) 
• Waste/water monitoring 
B. OBJECTIVE 
The various technologies integrated into a typical energy harvesting circuit are 
discussed in this thesis.  The BQ25504 is a commercially available energy harvesting 
circuit that is available from Texas Instruments and is the circuit that is studied in this 
thesis.  A review of the technologies that make energy harvesters is given to introduce 
topics in power conversion.  Applications of this circuit are discussed with respect to the 
areas of industry that will make the most use of this technology.  The device is modeled 
in a simulation program with integrated circuit emphasis (SPICE) program, and a startup 
sequence is observed.  The circuit hardware is then implemented to observe the startup 
sequence and the general properties of the circuit.  The simulation and the hardware 
implementation are compared.  Overall, the viability of energy harvesters that could 
prove useful to the military and other industrial applications is discussed in this thesis. 
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C. PREVIOUS WORK 
A previous Naval Postgraduate School student completed a thesis topic that 
considered the possibility of a miniature electromechanical generator that utilized human 
motion [3].  In this thesis, a miniature generator was designed and modeled to test the 
viability of this approach.  The student’s design in [3] was able to achieve a maximum 
output voltage of 1.7 V and a peak power output of 130 mW.  Energy harvesting designs 
such as these are able to take energy that is produced as a byproduct of the main action.  
For example, walking has the objective of getting from one point to another, but having 
the sole of a shoe absorb the energy impact of the foot hitting the ground is basically 
wasting some of the energy expended.  Utilizing an energy harvester at the sole of a shoe 
could potentially absorb the footstep energy while simultaneously generating electrical 
energy. 
CAP-XX, an Australian capacitor manufacturer, specializes in thin profile 
supercapacitors.  These thin profile capacitors are perfect for situations that require 
circuit topologies that are very small.  CAP-XX has conducted two experiments: 
harvesting energy from a solar cell without a converter and using the same energy 
harvester boost converter that is discussed in this thesis [4].   
Using the Texas Instruments BQ25504 energy harvesting intelligent converter, 
the people at CAP-XX were able to show the advantages and disadvantages of using a 
boost converter on small variable sources of input power.  As a control experiment, a 
supercapacitor was connected to a photovoltaic (PV) source with a diode in between.  
The advantages of this circuit were a simple design and a fast charge.  The disadvantages 
were that the capacitor could not be charged when the source voltage was less than the 
capacitor voltage.  The capacitor was able to be charged in approximately 3.5 hours.   
The second circuit that was tested utilized the BQ25504.  The advantages gained 
by using the boost converter are that the capacitor can be charged despite the source 
voltage falling below the capacitor voltage.  The disadvantages are that the charging time 
is very slow, about 67 hours.  The last circuit tested also utilized the BQ25504 but added 
a bypass diode.  This allowed for the capability of low source voltage charging with the 
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speed of the direct connection topology.  The last circuit was able to charge the 
supercapacitor in two hours. 
The Massachusetts Institute of Technology has done research in the field of low 
voltage energy harvesting by investigating the use of multiple sources to power a single 
power unit [5].  Often, a single small source may be sufficient for small loads, but if the 
power is able to be drawn from multiple sources, the range of devices that can be 
powered by low voltage harvesters increases.  As stated in [5], “Circuits to harvest 
thermal differences typically produce only 0.02 to 0.15 V, while low-power photovoltaic 
cells can generate 0.2 to 0.7 V and vibration-harvesting systems can produce up to 5 V. 
Coordinating these disparate sources of energy in real time to produce a constant output 
is a tricky process.”  Being able to harvest energy not just from one source, such as solar, 
but to harvest it from multiple sources at the same time provides a great increase in the 
capability of the energy harvesters.  Their research also discussed the problem of finding 
a very efficient circuit to be able to utilize the nano-voltages that the harvesters could 
generate.  Along with using circuit optimization techniques, the researchers were also 
able to use a single inductor for three different power sources to increase the efficiency.  
Overall, this technology enables the ability to harvest energy from different sources, 
either providing power when one source is unavailable or being able to provide more 
power to a larger load. 
The Imperial College of London conducted research on harvesting energy from 
electro-magnetic waves at radio frequencies (RF), another form of nano-power that falls 
into the energy harvesting spectrum [6].  In this research they measured the power 







Table 1.   London RF survey measurements. (From [6]) 
 
 
The London researchers also used the Texas Instruments BQ25504 energy 
harvester that is used in this thesis’s research.  According to the London researcher’s 
findings, “Efficiencies of up to 40% were achieved with a single banded rectenna 
operating at GSM 900, and efficiencies higher than 20% were achieved for TV and 3G” 
[6].  This research demonstrated another viable means to harvest energy that otherwise 
goes wasted. 
D. THESIS ORGANIZATION 
The reasons and motivation in choosing this research were introduced in this 
chapter.  The basics of electrical power conversion and the theory that is behind an 
energy harvesting circuit is covered in Chapter II.  The main circuit that will be modeled 
in simulation and tested in hardware is covered in Chapter III.  The results of the circuit 
simulation as well as the results from the hardware tests are covered in Chapter IV.  
Concluding thoughts on the thesis as well as recommendations for further study are 
examined in Chapter V. 
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II. OPERATION OF LOW VOLTAGE ENERGY HARVESTERS 
Low-voltage energy harvesters are capable of capturing very small sources of 
energy from heat, light, etc. and converting that power to a higher voltage that is 
normally used by electronic circuitry.  The simplest circuit to design that would capture 
energy is shown in Figure 1.  This circuit topology results in quick charging and, due to 
the direct connection of the power harvester to the energy storage device, is very 
efficient.  Other than a power source and the energy storage device, all that is needed is a 
diode to prevent the storage device from discharging.  Without the diode, the storage 
device would discharge when the power source voltage dropped to less than the voltage 
of the storage device.   
As an example of an application of this circuit, if in a solar battery charger the 
level of illumination were to drop due to cloud cover, the diode would prevent 
discharging of the battery when the source voltage becomes lower than battery voltage.  
The drawback of a simple circuit like this is that once the source voltage is lower than the 
battery voltage, the power source will not be able to charge the energy storage device due 
to the diode being reverse biased. 
 
Figure 1.  Simple energy harvesting circuit. 
A more efficient solution is to use a device that is specifically suited to the 
demands of ultra-low energy harvesting.  Although this adds complexity to the design of 




device to be charged even if the power supply output decreases due to adverse conditions.  
A simple implementation of the converter is shown in Figure 2. 
 
Figure 2.  Harvesting circuit with boost converter. 
A. THEORY OF OPERATION 
Converting low voltages to higher voltages is usually accomplished in alternating 
current (AC) sources using a transformer, but with direct current (DC) sources a boost 
converter is required.  The boost convert in an energy harvester is unique in that it must 
be able to operate on ultra-low power.  This low power conversion ability is achieved 
using metal-oxide semiconductor field effect transistors (MOSFETs) operated in 
synchronous rectification. Another technology that is helpful when attempting to harvest 
small amounts of energy is maximum power point tracking (MPPT), which allows the 
optimal extraction of power from the source.  Finally, issues related to different energy 
storage options for energy harvesting circuits are addressed. 
1. Boost Converters 
The main technology that energy harvesters rely upon is the ability to convert 
ultra-low voltages to a voltage that is typically used by normal circuitry.  Energy 
harvester converters can take an input voltage on the order of 100 mV and increase it to a 
typical battery voltage of one to three V.  This conversion is a DC-to-DC process and is 
achieved by using a boost converter.  A simple boost converter is shown in Figure 3.   
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Figure 3.  Conventional boost converter. (From [7]) 
In the circuit shown in Figure 3, the input voltage (VIN) is from an energy 
harvester such as a PV source, and the inductor (L) is used to temporarily store energy.  
When the switch (S) is closed as shown in Figure 4, the voltage source is not connected 
to the load and only charges the inductor.  The charge stored previously on the capacitor 
(C) provides voltage to the load while the switch is closed.   
 
Figure 4.  Conventional boost converter with switch closed. (From [8]) 
When the switch is open as shown in Figure 5, the stored energy in the inductor 
adds to the energy provided by the source and “boosts” the output voltage across the load 
to a value higher than that of the VIN alone. 
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Figure 5.  Conventional boost converter with switch open. (From [8]) 
The basic operation of a boost converter in continuous conduction mode (CCM) 
can be derived by observing the circuit in two different states, with the switch open and 
the switch closed as seen in [8].  With the switch closed as in Figure 4, the excitation 
voltage is 
 LE v=  (1) 
where Lv  is the voltage across the inductor.  Relating inductor current to inductor 
voltage, we obtain 
 LdiE L
dt
=  (2) 
where L  is the value of inductance and Li  is inductor current.  Equation (2) is then solved 
for the change in current to get 
 EI t
L
∆ = ∆  (3) 
and 
 I IMAX MIN
E DT
L
− =  (4) 
where the duty cycle ( D ) is the ratio of the time that the switch is on to the total period 
of the switching cycle (T ).   
With the switch open as in Figure 5, E  is now 
 L CE v V= +  (5) 
where capacitor voltage CV  is added to Lv .  Again, relating the inductor current to 





= + . (6) 





∆ = ∆  (7) 
and  
 I I (1 )CMAX MIN
E V D T
L
−
− = − . (8) 
Setting equation (4) and equation (8) equal to each other relates the two circuit states and 
gives 
 
( ) (1 )CE VE DT D T
V L
−
− = − . (9) 








where CV  is also the output voltage.  When D  is less than one, the output CV  is higher 
than the input E .  Thus, the fundamentals of a boost converter show that the input voltage 
can be boosted, and the boost amount is determined by D . 
The size of the inductor used in a boost converter determines whether the 
converter operates in CCM or discontinuous conduction mode (DCM).  A boost 
converter that is operating in CCM is shown in Figure 6.  In CCM, the inductor current 
never reaches zero and is always providing power. 
 
Figure 6.  Boost converter inductor current in CCM. (From [8]) 
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A boost converter that is operating in DCM is shown in Figure 7.  In DCM the 
inductor is not large enough and causes inductor current to fall to zero for a period of 
time. 
 
Figure 7.  Boost converter inductor current in DCM. (From [8]) 
A higher converter gain is achieved in CCM as shown in Figure 8.  Thus, 
converter operation in CCM is preferred, and the size of the inductor must be chosen 
accordingly. 
 
Figure 8.  Boost converter gain in DCM and CCM. (From [8]) 
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2. Synchronous Rectification 
As can be seen in the boost converter in Figure 1, the circuit uses a diode.  Diodes 
typically have a voltage drop at the semiconductor junction of 0.7 V in a silicon based 
device.  This voltage drop is relatively small in normal power electronics that involve 
power levels on the order of Watts.  The energy harvester on the other hand, having an 
input in the microwatts, cannot afford such a voltage drop. 
Synchronous rectification is also known as active rectification.  This is because 
synchronous rectification replaces the diodes in a normal power conversion circuit with 
electronic switches that are switched on and off through control circuitry.  The diodes 
that are usually the cause of much of the switching losses in a converter are now replaced 
by electronically controlled switches.  A synchronous boost converter illustrating the 
replacement of the diode with an actively controlled transistor is shown in Figure 9. 
 
Figure 9.  Synchronous boost converter. (From [7]) 
The relative gains in efficiency when using a synchronous converter over the 
conventional topology is shown in Figure 10.  A synchronous converter is more efficient 
than a diode based converter throughout the range of output voltages. 
 14 
 
Figure 10.  Conventional rectifier versus synchronous rectifier efficiency. (From [7])  
3. Maximum Power Point Tracking 
Energy harvesting technology often incorporates PV cells as the source of input 
power.  The current-voltage (I-V) curve of a PV cell determines the output power 
characteristics.  A typical PV I-V curve is shown in Figure 11.  The open circuit voltage 
VOC is the voltage produced by the PV cell with no load connected, while the short circuit 
current ISC is the current produced by the PV cell when shorted. The maximum power 
MAXP  produced by the cell is  
 MAX MP MPP V I=  (11) 
which is the product of the maximum power current MPI  and the maximum power 
voltage MPV .  The maximum power MAXP  occurs when the area of the dotted rectangle is 
greatest as shown in Figure 11.  When the voltage produced by the PV cell increases or 
decreases from MPV , the cell does not operate at its maximum efficiency.  The graph of 




Figure 11.  Typical solar cell I-V curve. (From [9]) 
The MPPT increases the efficiency in harvesting energy from a PV cell by 
regulating the input voltage to ensure it remains as close as possible to MPV .  In a PV cell 
the MPPT typically regulates voltage to 80 percent of VOC.   
Different harvesting sources will have different maximum power points where 
they operate most efficiently.  As an example, in thermoelectric harvester, a 50 percent 
MPPT is used. 
4. Energy Storage 
When harvesting energy in the microwatt levels, there are many energy storage 
options available.  Conventional rechargeable batteries, thin-film batteries, conventional 
capacitor, and supercapacitors can all be used with the energy harvester studied in this 
thesis.  One benefit of using an intelligent boost converter is the ability of the converter to 
protect the energy storage device.  Deep discharge of a battery could lead to irreversible 
damage.  Overcharging a capacitor can also lead to damage of the storage device.  
Finally, the temperature of the storage device could lead to damage if allowed to reach 
high enough temperatures. 
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B. DEVICE SELECTION 
The circuit that was analyzed in this thesis is the Texas Instruments BQ25504 
Ultra Low Power Boost Converter with battery management for energy harvester 
applications.  Other chips can provide the same boosting function as the BQ25504, but 
this particular chip was chosen for the intelligence incorporated into the integrated circuit 
(IC).  The chip contains the technologies to improve efficiencies discussed earlier.  The 
basic block diagram and interconnections of the chip are shown in Figure 13.  Self-
contained within the chip is the boost converter, the boost charge controller used for the 
synchronous rectification and the MPPT controller.  In addition to these efficiency 
enhancing features, it has a small package size and a low cost.  The package itself 
measures just three square millimeters and is shown in Figure 12.  For the types of 
applications that can benefit from an energy harvesting circuit, size and relatively low 
cost are determining factors in the future of the particular chip. 
 
Figure 12.  BQ25504 chip size reference. 
The synchronous converter, which is the heart of the system, is shown in Figure 
13.  The boost inductor (LBST) is the input of the converter, and the storage voltage 
(VSTOR) is the output of the converter.  The boost charge controller is what controls the 
switching transistors to make this a synchronous converter.  The cold-start unit enables 
the circuit to run as an unregulated boost converter when VSTOR is less than a certain 
voltage to quickly send power to the load without powering the main device.  The device 
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MPPT controller samples VOC to determine the MPPT setting, which is also adjustable 
depending on the applications.  The chip also has adjustable settings for battery 
“overvoltage (OV)” and “undervoltage (UV)” which protect the energy storage device. 
The BQ25504 also comes with technology to protect the energy storage device.  
To prevent deep discharging batteries, which can cause damage, the power load is 
designed to switch from the battery to the VSTOR pin whenever the battery voltage is 
below the UV setting.  To prevent overcharging of the storage element, the battery is no 
longer charged when the battery voltage is above the OV setting. 
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III. SIMULATION AND HARDWARE MODEL 
A. SPICE SIMULATION 
Texas Instruments provides a SPICE program called TINA-TI.  This program was 
used to model the circuit and observe its behavior.  The schematics of the actual 
BQ25504 chip are proprietary, and we were not able study them in detail.  The model is 
shown in Figure 14, and the basic functions of the chip can be seen in Figure 13.  The 
BQ25504 does have other intelligent capabilities but only the functions that were of 
interest to this thesis were modeled in the simulation.  A solar cell model with an output 
voltage of 500 mV and 400 µA was used with a 470 nF capacitor as the output energy 
storage device. 
 
Figure 14.  TINA-TI SPICE model of BQ25504 harvesting circuit. 
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Since a solar cell was being simulated and tested in hardware, a MPPT setting of 







=  + + 
 (12) 
where R1 =10 MΩ, R10 = 5.6 MΩ, and R2 = 4.42 MΩ, making a voltage divider.  This 
voltage divider can be adjusted to alter the MPPT set point.  Using these resistance values 
and setting OCV  = 500mV, we get REFV =389.6 mV which gives an MPPT set point of 
77.9 percent. 
B. HARDWARE MODEL 
An evaluation module (EVM) was used to test the BQ25504 Ultra Low Power 
Boost Converter.  The EVM can be seen in Figure 15.  The EVM circuit correlated 
almost exactly to the SPICE model shown in Figure 14 with the exceptions that the 
capacitor between the battery (BAT) and ground (GND) was reduced from 100 µF to 
0.47 nF and the storage device was not included to reduce simulation run times.  For the 
test input, a power supply was used to verify circuit operation.  A solar cell was also used 
to verify real-world applications of the circuit.   
The circuit shown in Figure 16 was used instead of a battery.  Although a 
rechargeable battery was used to verify the practicality of this circuit, the simulated 
battery allows quick changes in battery voltage VBAT instead of waiting for a real battery 
to discharge. The diode (D1) was connected between a resistor and a separate power 
supply.  The power supply provided the input for VBAT, while the diode only allowed 
power to flow in one direction to emulate a battery.  The resistor acts as the load.  In this 
way, the battery power supply can be manipulated to simulate a battery charging and 
discharging. 
The list of equipment used for the hardware experiments is shown in Table 2.  
The power supply was used to supply the input voltage, and a second power supply was 
used to emulate the battery.  The graphs in the results section of the thesis were taken 
with a four channel oscilloscope.  Voltage and current measurements were taken with a 
multi-meter. 
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Table 2.   Laboratory equipment used. 
Power Supply Agilent E3631A DC Power Supply 
Oscilloscope Tektronix TDS3014B 
Multimeter Fluke 45 Dual Display 
Solar Cell 0.5 W Solar Panel/4.5V RS2770045 
Battery 2300 mAH Ni-NH Rechargeable 
 
The measured component values that were used are listed in Table 3.  The 
components D1 and R1 were used for the simulated battery. 
Table 3.   Component values used in hardware tests. 
D1  IN4001 
R1  10.0 Ω 
RIN 20.8 Ω 
RLOAD (startup evaluation) 10.02 kΩ 




Figure 15.  Hardware model test setup using BQ25504 EVM. 
 
Figure 16.  Hardware simulated battery. (From [11]) 
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IV. RESULTS 
A. CONVERTER SIMULATION OPERATION 
The circuit simulation was conducted in TINA-TI, and the various aspects of the 
circuits operation were observed.  The simulation demonstrated the major technologies 
that enable this energy harvesting circuit to be more efficient than a directly connected 
source or a typical boost converter.   
The simulation was run for 1.4 s to allow the transients to settle and to allow the 
device to start up and show a couple of charging cycles.  The overall input voltage, which 
was provided by a PV source, is shown in Figure 17, and the inductor current is shown in 
Figure 18.  At time zero, the simulation is started and the solar cell begins to provide 
power to the circuit.  When the circuit is initially energized, VSTOR is less than 1.8 V as 
shown in Figure 24, and VIN is greater than the minimum cold-start voltage of 330 mV.  
In this condition, the boost converter is unregulated with no input from the MPPT 
circuitry.  This condition is not as efficient as when the boost regulation circuitry is 
operating.  The cold-start condition exists until the storage capacitor (CSTOR) is charged to 
1.8 V at which point the main boost regulator starts.  This mode occurs from time zero to 
252 ms and is the initial thick green band shown in Figure 17.   
The next spike in VIN is due to the regulator shutting off for 24 ms.  The regulator 
is shut off before the main boost regulator starts so that the VOC of the input can be 
measured and a reference voltage (VREF) can be obtained for the MPPT circuitry.  The 
regulator is turned off at 252 ms and turned on at 276 ms.  After VREF has been 
established, the main boost regulator can start.   
The main boost regulator is on between 276 ms and 457 ms at which time the 
VBAT OV is reached, causing the regulator to switch off.  The next two downward spikes 
at 457 ms and 868 ms are due to the regulator switching on briefly to maintain the charge 
on the capacitor. 
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Figure 17.  Simulated input voltage during startup. 
The current through LBST is shown in Figure 18.  The current spike timing 
matches with the drops in VIN.  Also, with the unregulated boost converter at the start of 
the simulation, it can be seen that the current is much less than the current when the main 
boost regulator is started.  The peak inductor current is 6 mA with the unregulated boost 
converter and 50 mA with the regulated boost converter. 
 
Figure 18.  Simulated boost inductor current during startup. 
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The time that the boost converter is active is shown in Figure 19, which is a more 
detailed view of VIN during the initial unregulated boost.  A more detailed view of the 
initial current into the inductor only during unregulated boost is shown in Figure 20. The 





V VV −= . (13) 
While the boost converter is unregulated, VAVE is 320 mV.  The time that the boost 
converter is active activet  is shown in Figure 19.  The total time of the boost cycle cyclet  is 
shown in Figure 20.  The converter is active for 89 µs with a total cycle period of 567 µs.  





= , (14) 
yielding an unregulated duty cycle of 15.7 percent. 
 
Figure 19.  Input voltage during unregulated boost showing tactive. 
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Figure 20.  Inductor current during unregulated boost showing tcycle. 
The time that the boost converter is active is shown in Figure 21, which is a more 
detailed view of VIN during the regulated boost operating area.  A more detailed view of 
the initial current into the inductor during regulated boost operation is shown in Figure 
22. The average voltage is calculated using equation (13) as 305.9 mV.  The converter 
tactive is measured in Figure 21, and tcycle is measured in Figure 22.  The converter is active 
for 6.8 µs with a total cycle period of 325 µs.  Duty cycle percentage can be calculated 
using equation (14) and is 2.1 percent. 
 




Figure 22.  Inductor current during regulated boost. 
The circuit reference voltage VREF is shown in Figure 23.  The circuit reference 
voltage VREF is used by the circuit to calculate the MPPT set point from equation (12).  
The first sampling of VREF occurs after the cold-start operation terminates to give the 
MPPT circuitry an initial reference point.  The initial sample can be seen at 252 ms.  
Since the initial sample only lasts for 24 ms, VREF was not able to charge up to the full 
VOC.  The next VREF sample occurs at 534 ms, at which point VREF has sufficient time to 
charge to VOC.  The voltage VREF only charges up to about 393 mV due to the MPPT 
setting.  The expected voltage was about 390 mV from the calculations showing that the 
simulated VREF is accurate. 
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Figure 23.  Simulated reference voltage during startup. 
The voltage VSTOR is shown in Figure 24,  where VSTOR charges initially due to 
the converter providing power via the unregulated boost converter until 252 ms, where 
VSTOR=1.8 V, which is the set point that switches the converter from unregulated to 
regulated boost modes.  The boost converter turning off can be seen by the voltage no 
longer increasing on VSTOR for the 24 ms that VREF is being sampled.  Once VREF has 
been sampled and the regulated boost mode resumes, it can be seen that the rate of VSTOR 
rising has increased in the time period 276 ms to 457 ms.  When VSTOR charges to 3.1 V 
the VSOTR OV setting is reached and the converter turns off.  As VSTOR drops below the 
3.1 V set point, it can be seen that the converter periodically turns on to keep VSTOR 




Figure 24.  Simulated storage voltage during startup. 
The battery voltage VBAT is shown in Figure 25 and is almost identical to the 
behavior of VSTOR with the exception that at 331 ms, VSTOR=2.2 V, which is the VBAT UV 
setting at which VBAT begins charging.  This explains the large spike in VBAT at 331 ms. 
 
Figure 25.  Simulated battery voltage during startup. 
 30 
B. CONVERTER HARDWARE OPERATION 
The hardware experiments were conducted to verify the different technologies at 
the basis of the energy harvesting converter. 
1. Startup with no Battery and 10 kΩ Load 
The initial hardware experiment demonstrates the cold-start ability of the circuit.  
The expected hardware results from the manufacturer are shown in Figure 26.  The boost 
converter switching cycle can be seen on channel one (Vphase), measured on the output of 
LBST.  The storage voltage VSTOR is shown on channel two, and the input source voltage 
(Vp/s#1) is shown on channel three.  When initially energized, the boost converter is 
immediately turned on as shown by the converter switching pattern and the rise in VSTOR.  
Since VSTOR was initially less than 1.8 V the converter begins in cold-start mode.  Due to 
this being an initial startup, VSTOR only charges to about 2.4 V due to the soft-start 
characteristic.  While the converter is off, the 10 kΩ resistor connected to the load causes 
VSTOR to discharge.  When the converter turns on again, VSTOR charges to the full OV 
setting.  The voltage VSTOR continues to be charged until it reaches the OV setting and 
then discharges to the hysteresis point.  The boost converter periodically energizes to 
maintain VSTOR. 
 
Figure 26.  Expected startup with no battery and 10 kΩ load. (From [8]) 
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The measured hardware results showing the cold-start features are shown in 
Figure 27.  A power supply was used to provide the input voltage of one V.  The 
converter switching pattern can be seen on channel one, VSTOR is shown on channel two, 
and VIN is shown on channel three.  The lab results are almost identical to the expected 
waveforms.  The operation of the startup of the circuit is actually easier to see from the 
lab results. The initial converter startup can be seen, and VSTOR initially charges to the 
lower OV setting of 2.8 V.  The voltage VSTOR then discharges after reaching the OV 
setting due to the load resistance.  After the converter starts again, the full OV setting of 
3.1 V is reached by VSTOR.  Once the OV setting is reached the periodic converter pulses 
show that the converter maintains the VSTOR value of 3.1 V. 
 
Figure 27.  Measured startup with no battery and 10 kΩ load. 
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2. Startup with Battery Less Than UV 
The next hardware experiment used the same setup as the first experiment except 
that a simulated battery is connected with a VBAT = 1.9 V, which is below the UV setting 
of 2.2 V.  With VBAT < UV, VSTOR, which is connected to the load, is disconnected from 
VBAT to prevent a deep discharge of the storage device.  The expected waveforms of the 
UV experiment are shown in Figure 28.  The converter switching pattern can be seen on 
channel one (Vphase), VSTOR is shown on channel two, Vp/s#1 is shown on channel three and 
VIN is shown on channel four. In the manufacturer example, VSTOR charges to 2.9 V 
initially and, since it is above the UV set point, VSTOR and VBAT are shorted together, 
causing VSTOR to drop to VBAT.  The UV set point is sampled again, and now that VSTOR 
is less than the UV set point, VSTOR and VBAT are disconnected, causing VSTOR to rise. 
 
Figure 28.  Expected startup with battery less than UV. (From [8]) 
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The measured lab results were very similar to the expected waveforms and can be 
seen in Figure 29.  The converter switching pattern can be seen on channel one, VSTOR is 
shown on channel two, Vp/s#1 is shown on channel three, and VIN is shown on channel 
four.  The voltage VSTOR can be seen charging to 2.4 V, which is above the 2.2 V UV 
setting, allowing VSTOR to be connected to VBAT to charge the storage element.  The 
storage voltage VSTOR gets pulled down to about VBAT, which is set to 1.9 V.  The cycle 
continues in this way since the simulated battery never charges above the UV setting. 
 
Figure 29.  Measured startup with battery less than UV. 
The MPPT setting was also demonstrated with the same setup as the UV 
experiment.  For the initial MPPT verification, Vp/s#1 was set to one V, and a MPPT 








=  (15) 
where a MPPT setting of 91.6 was observed.  The MPPT regulation can be seen in Figure 
30 where channel three is Vp/s#1 and channel four is VIN. 
 
Figure 30.  MPPT setting 90 percent with VIN = 1.0 V. 
The voltage Vp/s#1 was then set to 1.5 V and, after the 16 s sampling of VREF was 
accounted for, the MPPT setting was verified again.  Using equation (15), we observed a 
MPPT setting of 90.6 percent.  This demonstrates the ability of the boost converter to 
dynamically change the MPPT setting with changes in input voltage. 
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Figure 31.  MPPT setting 90 percent with VIN = 1.5 V. 
3. Powering up with a Battery Above UV 
For the next hardware experiment, the circuit was setup as in the UV experiment 
except that the simulated battery was adjusted to 2.4 V so that VBAT would be above the 
UV setting of 2.2 V.  The expected waveforms are shown in Figure 32, where the 
converter switching pattern can be seen on channel one (Vphase), VSTOR is shown on 
channel two, Vp/s#1 is shown on channel three, and VIN is shown on channel four.  After 
the initial cycling of the converter, it starts up in normal mode since VSTOR is above the 
1.8 V set point and the cold-start function does not occur.  Since VBAT is above the UV 
set point, VSTOR remains shorted to VBAT and the converter operates normally. 
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Figure 32.  Expected power up with a battery above UV. (From [8]) 
The actual results from the hardware experiment are shown in Figure 33 where 
the converter switching pattern can be seen on channel one, VSTOR is shown on channel 
two, Vp/s#1 is shown on channel three, and VIN is shown on channel four.  This verifies the 
expected waveforms, showing that VSTOR maintains a constant level and VIN is constantly 
below Vp/s#1 by the MPPT setting.  This demonstrates the converter operating normally 
when VSTOR is above the UV setting. 
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Figure 33.  Measured power up with a battery above UV. 
4. Basic Switching Converter 
The following hardware experiment used the same setup as the UV experiment 
with the exception that the simulated battery was set to 2.5 V to ensure that VBAT was 
above the UV setting.  This experiment demonstrated the pulse frequency modulation 
(PFM) switching converter waveforms in detail.  The expected switching converter 
waveform can be seen in Figure 34 where the converter switching pattern can be seen on 
channel one (Vphase), VSTOR is shown on channel two, VSOURCE is shown on channel three, 
and VIN is shown on channel four.  As in the previous experiment, VSTOR is maintained 
constant due to being above the UV set point.  Four pulses per cycle can be seen with the 
fourth cycle demonstrating an oscillating ring due to the inductor going into DCM. 
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Figure 34.  Expected basic PFM switching waveform. (From [8]) 
The actual hardware results are shown in Figure 35 and match very closely to the 
expected waveform.  The converter switching pattern (Vphase) can be seen on channel one, 
VSTOR is shown on channel two, VSOURCE is shown on channel three, and VIN is shown on 
channel four.  Four pulses are also seen, but the inductor DCM ringing is more 




Figure 35.  Measured PFM switching waveform. 
C. EFFICIENCY 
The efficiency of the circuit was measured in the hardware, and the results are 
shown in detail in Table 4.  The input power INP was calculated as  
 IN IN INP V I=  (16) 
where INV  is the DC supply voltage and INI  is the DC input current before the decoupling 
capacitors that service the converter.  These quantities were measured using a multimeter.  







= . (17) 
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3.00 0.365 3.07 1.095 0.943 86.1 
2.80 0.384 3.07 1.075 0.943 87.7 
2.60 0.410 3.07 1.066 0.943 88.4 
2.40 0.456 3.07 1.094 0.943 86.1 
2.20 0.504 3.07 1.109 0.943 85.0 
2.00 0.608 3.07 1.216 0.943 77.5 
1.80 0.684 3.07 1.231 0.943 76.6 
1.60 0.782 3.07 1.251 0.943 75.3 
1.40 0.965 3.07 1.351 0.943 69.8 
1.20 1.130 3.07 1.356 0.943 69.5 
1.00 1.300 3.07 1.300 0.943 72.5 
0.80 1.675 3.07 1.340 0.943 70.3 
0.60 2.330 3.07 1.398 0.943 67.4 
0.50 2.920 3.07 1.460 0.943 64.6 
0.40 3.510 3.02 1.404 0.912 65.0 
0.39 1.833 0.76 0.715 0.058 8.1 
 
The efficiency results in Table 4 are plotted in Figure 36 and match with the 
expected results that are shown in Figure 37.  Unlike what is shown in the data sheet, the 
results from the experiments are not measured at a constant 10 mA.  Although the input 
current was not constant, the general trend in efficiency is very similar.  In the measured 
results, efficiency was above 60 percent and higher as long as VIN was greater than 0.4 V.  
Once VIN dropped below 0.4 V, the converter could not maintain the programmed output 
voltage of 3.07 V.  As long as the converter was able to maintain the programmed output 
voltage, efficiency was relatively linear. 
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Figure 36.  Hardware efficiency results (VSTOR = 3 V). 
 
Figure 37.  BQ25504 data sheet efficiency. (From [10]) 






















D. CHARGING WITH A SOLAR CELL 
The energy harvesting circuit was setup using a PV cell as an input and two 1.2 V 
AA size rechargeable batteries in series as the storage device.  The circuit diagram is 
shown in Figure 38 and the equipment used can be seen in Figure 39.  A 108.7 kΩ 
resistor was used for the system load. 
 
Figure 38.  Solar cell charging setup. (From [10]) 
 
Figure 39.  Solar cell charging equipment. 
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In Figures 40 through 43, the converter switching pattern, Vphase, can be seen on 
channel one, VSTOR is shown on channel two, and VIN is shown on channel three.  The 
initial battery voltage was above the UV set point at 2.46 V, which allowed VSTOR to be 
shorted to the battery.  The load resistance RLOAD was increased to 108.7 kΩ to lower the 
power draw on the relatively small solar cell.  The VOC was measured at 2.76 V for the 
initial setup.  The boost converter output, illustrating the boost converter pulses and a VIN 
of 2.15 V can be seen in Figure 40.  The MPPT set point is calculated using equation (15) 
and was 77.9 percent. 
 
Figure 40.  Measured boost converter output with VOC = 2.76 V. 
The solar cell output was lowered by decreasing the light intensity, and VOC was 
measured at 2.01 V.  The boost converter output, illustrating the boost converter pulses 
and a VIN of 1.58 V, can be seen in Figure 41.  The MPPT set point is calculated using 
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equation (15) and was 78.6 percent, demonstrating that the VIN was maintained according 
to the MPPT setting within one percent. 
 
Figure 41.  Measured boost converter output with VOC = 2.01 V. 
A more detailed view of the pulses generated by the converter is shown in Figure 
42.  A solar cell VOC was measured at 2.7 V.  Upon closer inspection, it can be seen that 
the converter only pulses twice.  When VOC was lowered to 1.7 V, it can be seen in 
Figure 43 that the converter now only pulses once due to the lower power produced by 
the solar cell. 
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Figure 42.  Converter pulses with a solar VOC = 2.7 V. 
 
Figure 43.  Converter pulses with solar VOC = 1.7 V. 
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Finally, to show the increase in pulses provided by the converter due to the 
increase of the source power available, the converter was supplied by a lab power supply 
where VOC = 1.0 V with a source resistance of 50 Ω.  The increase in power results in 
more pulses generated by the converter as shown in Figure 44. 
 
 
Figure 44.  Converter pulses with 1.0 V power supply. 
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V. CONCLUSIONS AND RECOMMENDATIONS 
A. ACCOMPLISHMENTS 
The technologies that aid in harvesting micro-power sources were investigated in 
this thesis. Most importantly, an efficient means of boosting low-voltage sources was 
achieved by using a boost converter with synchronous rectification. Additional 
technologies such as MPPT and battery management were also demonstrated to provide 
additional means to improve harvesting efficiency. For low-voltage sources, an ultra-
efficient converter such as the one studied in this thesis are beneficial to increasing 
efficiency.  A conventional boost converter would not be able to utilize low sources of 
power as effectively. 
B. FUTURE WORK 
Further research could be done with the same converter used in this thesis.  There 
are other smart features of this circuit that were not tested such as the temperature sensor 
and the battery status feature.  This technology could show the ability of the circuit to 
protect the energy storage device.  Another energy harvesting converter could also be 
tested and the efficiencies compared.  Also, a similar experiment as completed by CAP-
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APPENDIX. BQ25504 DATA SHEET 
This appendix contains the data sheet that is available on the Texas Instruments 
website [10].  It details the operating conditions and functions of the BQ25504 energy 
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